We calculate the photon production cross section arising from the hard scattering of partons in nuclear collisions by taking into account the intrinsic parton transverse momentum distribution and the next-to-leading-order contributions. As first pointed out by Owens, the inclusion of the intrinsic transverse momentum distribution of partons leads to an enhancement of photon production cross section in the region of intermediate photon transverse momenta of a few GeV/c. Such an enhancement is an important consideration in the region of photon momenta under investigation in high-energy heavy-ion collisions.
I. INTRODUCTION
Currently, high-energy heavy-ion collisions are used to produce matter under extreme conditions. One of the objectives is to search for the quark-gluon plasma (QGP) which is expected to exist at high temperatures and/or high baryon densities. (For an introduction to this field, see [1] [2] [3] [4] [5] .) Photons arising from the electromagnetic interactions of the constituents of the plasma will provide information on the properties of the plasma at the time of their production. Since photons are hardly absorbed by the produced medium, they form a relatively 'clean' probe to study the state of the quark-gluon plasma. The detection of these photons during the quark-gluon plasma phase will be of great interest in probing the state of the quark-gluon plasma, if it is ever produced [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Photons are also produced by many other processes in heavy-ion reactions. They can originate from the decay of π 0 and η 0 . As π 0 particles are copiously produced in strong interactions between nucleons, photons originating from the decay of π 0 are much more abundant than photons produced by electromagnetic interactions of the constituents of the quark-gluon plasma. The photons from the decay of π 0 and η 0 can be subtracted out by making a direct measurement of their yield, obtained by combining pairs of photons. Because of the large number of π 0 produced, this subtraction is a laborious task, but much progress has been made to provide meaningful results after the subtraction of the photons from the π 0 and η 0 backgrounds [11] [12] [13] . Photon measurements obtained after the subtraction of the photons from meson decays are conveniently called measurements of "direct photons".
Direct photons are produced from the interaction of matter in the QGP phase, a mixed QGP and hadron phase, a pure hadron gas, and hard QCD processes [4, 5] . Different processes give rise to photons in different momentum regions. We are interested in photons from the quark-gluon plasma which are found predominantly in the region of photons with low transverse momenta, extending to the region of intermediate transverse momentum of 1-3 GeV/c. At photon energies up to 2 GeV, photons can come from the decay of π 0 and η 0 resonances as well as from ρ, ω, η , and a 1 , and the interaction of the hadron matter via πρ → γρ and ππ → γπ reactions (see for example [14] [15] [16] [17] ). One may wish to go to the region of photon transverse momentum p γT > 2 GeV/c. If a hot quark-gluon plasma is formed initially, clear signals of photons from the plasma could be visible by examining photons with p γT in the range 2 − 3 GeV/c [8] [9] [10] . On the other hand, photons in this region of transverse momenta are also produced by the collision of partons of the projectile nucleons with partons of the target nucleons. Such a contribution must be subtracted in order to infer the net photons from the quark-gluon plasma sources.
Recent investigations on photon production by parton collisions in nucleon-nucleon collisions include the work by Aurenche, Baier, Douiri, Fontannaz, and Schiff [18, 19] and by Baer, Ohnemus, and Owens [20] , who have performed QCD calculations up to second order in α. Extensive comparisons with experimental data have been carried out covering a large range of incident energies and photon transverse momenta. In these QCD calculations, as well as other similar QCD calculations, attention was focused on produced photons with large transverse momenta where the intrinsic transverse momenta of the partons can justifiably be neglected.
The situation is quite different in the region of intermediate transverse momenta of a few GeV/c. Because of the finite size of the transverse dimension of a nucleon, one expects that the partons in a nucleon have an intrinsic transverse momentum distribution with a width of the order of √ 2h/0.5 fm. The intrinsic transverse momentum distribution affects the distribution of the produced photons with intermediate p γT .
Previous investigations of the transverse momentum distribution of photons in leading-order calculations already indicate the importance of the intrinsic transverse momentum of the partons [21] . The photon cross sections at intermediate p γT are enhanced substantially when the intrinsic transverse momentum distribution is taken into account, in agreement with earlier measurements [22] and recent experimental results [23] . Therefore, in the region of our interest involving photons with p γT of about 2-3 GeV/c, the intrinsic transverse momentum of the partons plays an important role and cannot be neglected. How the photon transverse momentum distribution in the intermediate p γT region is affected by the parton intrinsic transverse momentum distribution is the main subject of our investigation.
There is also another important effect which is important in photon production. Previous calculations of photon production indicate the importance of higher-order QCD terms [18] [19] [20] . The next-to-leading-order calculations lead to a correction factor, the K-factor, with a magnitude of about 2. It is necessary to include the effects of the next-to-leading-order corrections. One expects that the next-to-leading-order effects are nearly independent of the intrinsic transverse momentum. One can include the effects of the intrinsic transverse momentum and the next-to-leading-order corrections by first treating them separately and then combining them as independent multiplicative factors. The final result can be compared with experimental data. Good agreement with experimental data at different reaction energies will form the basis of extrapolation to the region of interest in high-energy heavy-ion collisions.
We shall first examine photon production in nucleonnucleon collisions and extend our considerations to nucleus-nucleus collisions.
In nucleon-nucleus and nucleus-nucleus collisions, there are shadowing effects for photon production in nuclei. Previous experimental investigations of photon production using π − beams on nuclei suggest that the effective shadowing in the production of photons can be represented by a target mass dependence of the form A α with α ∼ 1.0 [24] , which can be explained theoretically [25] . Because α is close to unity, the effective shadowing for photon production in nuclei is quite weak. We shall not include the shadowing effect on photon production in nucleus-nucleus collisions.
II. PHOTON PRODUCTION IN THE HARD-SCATTERING MODEL
In the relativistic hard-scattering process, the production of a photon in a hadron-hadron reaction (h a + h b → γ + X) arises from the direct interaction of a parton of the hadron h a with a parton of the other hadron h b . The basic processes are the Compton process g + q(orq) → γ + q(orq), and the annihilation processes→ γg [6] [7] [8] 2] .
One represents the probability for finding a parton a with momentum a=(x a , a T ) in the hadron h a by the structure function G a/ha (x a , a T ), which depends also on the momentum transfer Q 2 . The x a and Q 2 dependences of the structure function G a/ha for various partons have been obtained by fitting large sets of experimental data in different hard-scattering processes [26] [27] [28] [29] .
In leading-order perturbative QCD, the cross section for h a + h b → γ + X is a convolution of the parton momentum distributions and their elementary collision cross sections E γ d 3 σ(a b → γX )/dp
For definiteness, we shall use the nucleon-nucleon centerof-mass system to refer to the momenta of the photon and the partons. After averaging the flavors, the colors, and the isospins of the initial states of q,q, and g, and summing over final states, the invariant cross sections for the subprocess a + b → γ + X are
where m is the quark mass, e q and e are the quark charge and the proton charge respectively, and α e and α s are the electromagnetic fine-structure constant and the strong interaction coupling constant, respectively. In Eqs. (2) and (3), we have used the Mandelstam variableŝ
The strong coupling constant α s is related to the momentum transfer Q 2 by
where N f is the number of flavors, and Λ is the QCD scale parameter. We shall assume a factorizable structure function where the intrinsic transverse momentum distribution can be factored out in the form
For convenience, we normalize the transverse momentum distribution D a (a T ) such that
Then, the function F a/ha (x a , Q 2 ) is the usual parton distribution function without assuming an intrinsic parton transverse momentum distribution, as given by [26] [27] [28] [29] .
III. TRANSVERSE MOMENTUM DISTRIBUTION OF PARTONS
Quarks, antiquarks, and gluons are asymptotically free at high momenta, but their properties at low momenta are governed by the confinement of these particles inside a hadron. As a consequence, the transverse momentum distribution of these particles (to which we shall continue to refer as partons) is given by their momentum wave functions. The width of the momentum distribution is related to the inverse of the size of the radius of confinement. Thus, if one takes a confinement radius of 0.5 fm, the width of the momentum in any direction should be of the order ofh/(0.5 fm)=0.4 GeV/c, and the width of the intrinsic transverse momentum about √ 2 × 0.4GeV/c=0.65 GeV/c. In the usual PQCD calculations, one deals with partons and produced particles with transverse momenta much greater than this magnitude (that is, with p T >> 0.65 GeV/c). For these calculations, it is reasonable to neglect the parton intrinsic transverse momentum by approximating the parton transverse momentum distribution D(a T ) with a delta function D(a T ) = δ(a T ). Then, the integration over the transverse momenta of a and b in Eq. (1) can be trivially carried out. In such an approximate description, the colliding partons have zero transverse momentum. The produced photon acquires a transverse momentum through the basic collision processes of gq(orq) → γq(orq) and→ γg, with differential distributions as given by Eqs. (2) and (3).
The transverse momentum of the photons produced from the collisions of the constituents of the quark-gluon plasma expected in high-energy heavy-ion collisions lies predominantly in the low p γT region, extending to the region of intermediate p γT . Hard-scattering processes in nucleon-nucleon collisions also produce photons in this intermediate transverse momentum region of a few GeV/c. It is necessary to determine the hard-scattering contributions to the photon production in this momentum region in order to extract information on the quarkgluon plasma photons. The determination of the hardscattering photons will require the inclusion of the effects of the intrinsic parton transverse momentum, because it is comparable to the photon transverse momentum.
Previously, the effect of parton intrinsic transverse momentum has been investigated by Owens [21] for p γT down to 3 GeV/c at zero rapidity in nucleon-nucleon collisions at different energies. It was found that the parton intrinsic p T leads to an increase in the cross section at intermediate p γT .
We can understand why the transverse momentum distribution of photons at intermediate transverse momenta of a few GeV/c is enhanced by the inclusion of the transverse width of the parton distribution. From Eq. (1), one observes that for photons with intermediate p γT , the cross sections of the processes peak att ∼ m andû ∼ m, which correspond to distributions nearly along the direction of the incident parton, and the transverse momentum distribution of the photon takes on that of the quark or antiquark [2] . Hence, the cross sections are enhanced when the parton intrinsic transverse momenta are taken into account.
The momentum distribution of partons for small p T depends on confinement, while the momentum distribution at high p T depends on constituent counting rules which are power law in nature [30, 31, 2] . They have different functional forms. To carry out our investigation of the parton intrinsic momentum, we join the two different functional forms at p T M and assume the parton p T distribution function of the form
where C ∼ 1 will be determined by the normalization condition Eq. (7). Following Owens [21] , we use the Gaussian distribution D 1 (p T ) for the distribution at low p T as given by
For large p T , we take the transverse momentum distribution D 2 (p T ) to be given by a power-law distribution as in the spectator counting rule of Blankenbecler and Brodsky [30] 
where
The results of our calculation for photon production are rather insensitive to this transverse distribution D 2 . Using information from the work of Sivers, Blankenbecler, and Brodsky [31] , we choose n = 4 and M = 1 GeV to describe the transverse momentum distribution D 2 . For numerical purposes, we set the matching transverse momentum to be p T M = 2 GeV/c, and the matching width ∆ = 0.25 GeV/c in our calculations.
IV. NEXT-TO-LEADING-ORDER PERTURBATIVE QCD
It is well known that higher-order perturbative QCD corrections are important in the evaluation of the cross sections for many hard-scattering processes (see for example, [32, 27] ). For photon production, contributions up to the second order in α s have been considered by Aurenche, Baier, Douiri, Fontannaz, and Schiff, and by Baer, Ohnemus, and Owens [18] [19] [20] . These calculations involve the evaluation of contributions from all next-toleading-order Feynman diagrams with an additional integration over an intermediate momentum. In these calculations [18] [19] [20] , the intrinsic transverse momentum of the partons has been neglected by using a delta function distribution δ(p T ) so that integrations over the transverse momentum of the partons can be trivially carried out. From these next-to-leading-order (NLO) calculations, the effects of the higher-order terms can be represented by the K-factor defined by
where E γ (d 3 σ/dp 3 γ )(NLO) is the photon cross section in the next-to-leading-order calculation, obtained with the inclusion of both the lowest-order and the next-toleading-order terms, and E γ (d 3 σ/dp 3 γ )(LO) is the photon cross section obtained in the lowest-order calculation.
Numerically, the K-factor is about 2 to 3.5 and is a slowly varying function of the photon transverse momentum (see Figs. 1 and 2 ). It represents an effective modification of the strength of the coupling constant at the vertex, as in a vertex correction, due to the initialstate interaction between partons [32] [33] [34] [35] . On the other hand, the vertex correction depends on the relative momentum between the colliding partons [33] [34] [35] , which in turn depends mainly on the longitudinal momenta; the vertex correction is insensitive to the parton transverse momenta. Because of this property, it is reasonable to consider the K-factor to be approximately independent of the parton transverse momentum; that is 
where the abbreviation "P T " stands for calculations where the transverse momentum distribution of the partons is taken into account. Upon using the above approximation, the photon production cross section, including the effects of the next-to-leading-order corrections and the intrinsic transverse momentum distribution, is given by
From Eq. (13), we can include the effects of intrinsic transverse momentum and next-to-leading-order contributions by carrying out the calculation in two steps. We perform the next-to-leading-order calculation (NLO), without the intrinsic parton transverse momentum distribution, using the numerical code from Aurenche et al. [18, 19] . The ratio of the next-to-leading-order calculation to the leading-order calculation then gives the K-factor as a function of the photon momentum. We then carry out separately a calculation of the leading order with an intrinsic transverse momentum distribution. Equation (13) is then used to give the cross section when both effects are included.
The photon cross section depends on the functional dependence of Q 2 in terms of physical quantities such as p γT of the photon. Owens has studied different choices of the functional form, from
γT /4, and found that Q 2 = p 2 γT /2 gives the best description of the experimental data for production of photons with large transverse momenta [21] . We shall accordingly use this functional dependence for our investigation. We first carry out the LO and the NLO calculations using three different structure functions: (1) the Duke and Owens structure function (set 1) [26] , (2) the CTEQ4 structure function (set 3) [27, 28] , and (3) the MRS96 structure function (set 1) [29] . The ratio of the NLO result to the LO result gives the K-factors which are shown in Figs. 1 and 2 , and the the results for LO and NLO cross sections are shown in subsequent figures. The K-factor in Figs. 1 and 2 as a function of the photon transverse momentum p γT for y γ = 0 indicate that it has a value of approximately 2 for 1 GeV/c < p γT < 6 GeV/c for nucleon-nucleon collisions at √ s = 17.3 and 19.4 GeV. It behaves slightly differently for √ s = 63 GeV, where it drops from about 3 to 1.4, as p γT decreases from 2 GeV/c to 6 GeV/c. It becomes nearly a constant for p γT > 6 GeV/c.
We next carry out a lowest-order calculation with the inclusion of the parton transverse momentum distribution of the partons. Following Owens [21] , we choose < p 2 T >= 0.9 (GeV/c) 2 which leads to good agreement with data. The result of this calculation is then combined with the earlier determination of the K-factor to give the cross section of Eq. (13), where both the NLO corrections and the intrinsic transverse momentum are taken into account. As an illustration, we show in Fig. 3 the effect on the photon transverse momentum distribution due to the variation of the parton intrinsic transverse momenta for pp collisions at 2 (except at p γT 1 GeV/c), which are greater than those for < p 2 T >=0. There is a substantial enhancement of the cross section due to the parton intrinsic transverse momenta. The value of < p 2 T >= 0.9 (GeV/c) 2 was found by Owens [21] to provide a good description of the experimental data.
In Fig. 4 we present results of the photon cross section for the LO calculations, the NLO calculations, and the NLO results including the effect of the transverse momentum distribution, for pp collisions at √ s = 19.4 GeV and y γ = 0. The NLO calculations are enhanced from the LO calculations by about a factor of 2, and the intrinsic momentum effect brings another factor of about 4 to 8, depending on the structure function. The intrinsic transverse momentum of partons enhances the cross sections by a substantial factor and is very important in the region of intermediate p γT . The data for √ s = 19.4 GeV from E704 [36] , E629 [37] , and NA3 [38] are also shown in Figs. 3 and 4. (The NA3 data are taken from the reaction p + 12 C → γ + X where we assume a nuclear dependence of A 1.0 , as in Ref. [36] .) The WA80 data The experimental data in the region between 2 to 4 GeV/c can be described well when both the effects of higher-order terms and the parton intrinsic transverse momentum are taken into account. For the region p γT > 4 GeV/c, the experimental data of NA3 and E629 are different. The data of NA3 above 4 GeV/c fall within the predictions using the CTEQ4 and the MRS96 structure functions. Figure 5 shows the direct photon production results for nucleon-nucleon collisions at √ s = 63 GeV and y γ = 0. The nucleon-nucleon collision data from R806/807 [39] and R108 (CCOR) Collaborations [40] Recent photon production experiments using highenergy heavy ions were performed for Pb-Pb collisions at 158 GeV per nucleon [12, 13] , which correspond to nucleon-nucleon collisions at √ s = 17. therefore an important effect which must be included in the discussion of photon cross sections in the region of p γT between 1 and 6 GeV/c.
VI. PHOTON PRODUCTION FROM THE QCD HARD-SCATTERING PROCESSES IN NUCLEUS-NUCLEUS COLLISIONS
We can determine the direct photon production in high-energy nucleus-nucleus collisions arising from the hard scattering between partons. Because of the weak effective shadowing effect in photon production by parton collisions as indicated by experimental pA data [24] , we shall neglect the shadowing effect. The photon distribution in a collision of a nucleus A and a nucleus B at an impact parameter b due to the hard scattering of partons is given by
where n NN (b) is the number of inelastic nucleon-nucleon collisions,
and the photon distribution in an inelastic nucleonnucleon collision is 
In the above equations, σ
NN in
and σ
NN γ
are the nucleonnucleon total inelastic cross section and photon production cross section respectively, T AB (b) is the thickness function for the nucleus-nucleus collision [2] 
where T A (b) and T B (b) are respectively the thickness functions for nucleus A and B, and the baryon-baryon thickness function
Note that when one combines Eqs. (14), (15) , and (16), the nucleon-nucleon inelastic cross section σ NN in cancels out and one obtains the result
Writing the result for nucleus-nucleus collisions in the form of Eq. (14) provides a more intuitive picture of the scaling of the photon multiplicity from nucleon-nucleon collisions to nucleus-nucleus collisions. Experimentally, one measures the yield of photons per event of nucleus-nucleus collisions in coincidence with the measurement of the degree of inelasticity of the events, as characterized by the multiplicity of produced particles. Results are given in terms of the photon yield per inelastic collision event for the most-inelastic fraction f of all inelastic events. The most-inelastic fraction f depends on the maximum impact parameter b m , and one can deduce a relation of f as a function of the maximum impact parameter b m from the Glauber model by
For measurements within the most-inelastic fraction f (b m ) of events, the photon distribution per inelastic event is given by taking the average of Eq. (14) over the range of impact parameters from 0 to b m . We therefore have the photon distribution per inelastic event in a nucleus-nucleus collision given by
where the average number of nucleon-nucleon collisions per event within the range of impact parameters from 0 to b m is
We show in Fig. 7 (a) the fraction f (b m ) as a function of the maximum impact parameter b m for Pb-Pb collisions, and in Fig. 7 (b) the corresponding < n NN > (b m ), which is the number of nucleon-nucleon inelastic collisions averaged over the range 0 < b < b m .
The photon production data from the WA98 Collaboration were collected for the most-inelastic 10% of the total number of Pb-Pb inelastic collisions. For this value of f (b m ) = 0.1, the impact parameter b m is found from Fig. 7 to be 4.44 fm. With an inelastic nucleon-nucleon cross section of 29.4 mb [2] , the average number of inelastic nucleon-nucleon collisions within this range of impact parameters from 0 to 4.44 fm is < n NN >=654. This is the scaling number which one must multiply to the photon yield in a nucleon-nucleon inelastic collision to give the total photon yield per central Pb-Pb collision.
Using this scaling factor, we obtain the photon distribution from hard scattering of partons per central Pb-Pb collision at a nucleon-nucleon collision energy of √ s = 17.3 GeV and y γ = 0. They are shown as the dashed and dashed-dot curve in Fig. 8 for the CTEQ4 structure function (set 3) and the MRS96 structure function (set 1). They have been calculated for the most-inelastic 10% of the inelastic Pb-Pb collisions. They should be compared with photon distributions from the quark-gluon plasma at different temperatures to be discussed in the next section and shown as the solid curves in Fig. 8 .
The scaling between nucleon-nucleon collisions to nucleus-nucleus collisions can be extended for S-Au collisions which were studied by the WA80 Collaboration [11] . The WA80 photon data were collected for the 7.4% of the most-inelastic events for which the maximum impact parameter b m is found to be 2.9 fm and the number of nucleon-nucleon inelastic collisions < n NN > averaged over the range of impact parameters from 0 to b m is 160. This scaling number has been used to convert the WA80 upper limit Fig. 4 . 
VII. PHOTON PRODUCTION FROM THE QGP IN NUCLEUS-NUCLEUS COLLISIONS
In a quark-gluon plasma, the constituents of the plasma interact with each other. The interaction between the constituents leads to the production of photons via gq(orq) → γq(orq) and→ γg reactions, which are the same processes as in photon production in parton collisions [6] [7] [8] [9] [10] 14] . Upon taking the lowest-order Feynman diagrams in the evaluation of the cross section and assuming a thermal mass m th = gT / √ 6, the rate of photon production in a quark-gluon plasma at temperature T is [9] [Eq. (16.66) of [2] ]
where g 2 /4π = α s is the strong-interaction coupling constant, and f q (p γ ) is the Fermi-Dirac distribution of the quarks in the plasma which, for E γ >> T , is approximately the Boltzman distribution
One can introduce the K-factor to take into account the next-to-leading-order effect. The K(E γ )-factor as shown in Fig. 1(a) obtained for parton collisions (at √ s =17.3 GeV) can be used as an approximate K-factor for constituent collisions in the quark-gluon plasma. The photon distribution per event is then E γ dN γ dp γ = 5 9
We shall assume Bjorken hydrodynamics in which the proper time varies with temperature T as
where τ 0 is the initial proper time when the system is at a temperature T 0 . We consider a system with an initial volume of V given by Aτ 0 where A is the average overlap area for the range of impact parameters considered. Then, during the evolution of the system from temperature T 0 to the critical phase-transition temperature T c in the quark-gluon plasma phase, the number of photons emitted can be obtained by carrying out the integration in Eq. (23). The result is
z=Eγ /Tc (25) where E 1 (z) is the exponential integral ∞ z dt e −t /t [41] . The photon distribution from the quark-gluon plasma for T c =200 MeV and different values of T 0 is shown in Fig. 8 for the 10% most-inelastic central collisions of Pb on Pb, where we have taken the initial time parameter τ 0 to be 1 fm/c. As one observes, the photon numbers increase as initial temperature increases. This arises because it takes a longer period of time to cool a system to the phase transition temperature if the system is initially at a higher temperature. The photon number distributions from hard scattering of partons are also shown in Fig. 8 . One observes that the photon distribution from the quark-gluon plasma is greater than that from the hard scattering when the initial temperature of the plasma exceeds about 0.28 GeV.
In Fig. 9 , we show the prediction for photon production when both the hard-scattering contributions and the quark-gluon plasma contributions are added together, for the 10% most-inelastic central collisions of Pb on Pb at 158 GeV per nucleon. The total distribution depends on the plasma initial temperature and may be used to compare with experimental data. 
VIII. DISCUSSIONS AND CONCLUSIONS
In order to detect photons which are emitted during the quark-gluon plasma phase, it is necessary to determine the contribution of photons by non-quark-gluon plasma sources. The hard scattering between partons also leads to photons in the momentum region of interest. It is therefore important to study the hard-scattering contribution to photon production in the intermediate p γT region of a few GeV/c.
In the region of intermediate photon momenta, the intrinsic transverse momenta of the partons cannot be neglected. We have examined how the intrinsic transverse momentum distribution of partons affects the transverse momentum distribution of the photons produced in nucleon-nucleon collisions. The intrinsic momentum of the partons leads to an enhancement of the cross section by a factor ranging from 3 to 8 for photons with intermediate p γT . Such an effect is an important consideration in photon measurements under investigation in high-energy heavy-ion collisions.
We have also compared the magnitude of photons produced by hard scattering with photons produced by the quark-gluon plasma. We find that for photon production in the region of 1-3 GeV/c in Pb-Pb central collisions at
